S
everal studies showed that the pulsatile component of blood pressure (BP) is associated with increased arterial stiffness and significant consequences for cardiovascular diseases. 1 In fact, pulse pressure (PP) measured in the doctor's office was found to predict cardiovascular mortality independently of hypertension. 2 Furthermore, PP is significantly associated to vascular damage in the large and small arterial sites such as carotid atherosclerosis and cerebral white matters. 3 Studies using the ambulatory BP monitoring confirmed that PP is associated with cardiac morbidity 4 and vascular injury 5 in patients with high BP.
Recent studies demonstrated that office PP is associated with reduced regional and microvascular vasodilating response during stressful tasks 6 and, in particular, exaggerated stress-induced PP represents a potential predictor of early atherosclerotic damage. 7 Other studies showed that insulin resistance (IR) is significantly associated to hypertension in obese and lean patients. 8 Interestingly, the reduced vasodilating properties observed in hypertensives has been proposed as the hemodynamic determinant of this metabolic disorder. 9 The hypothesis is reinforced by the evidence that forearm postischemic hyperemia is impaired 10 in those individuals who manifest IR. The find-ings are, somehow, analogous to those described in patients with an abnormally increased pulsatile component of BP. Purpose of our study was to verify whether different hemodynamic patterns, PP in particular, in steady conditions and during functional responses due to stressful challenges may be associated to IR.
Methods

Study Population
We studied 75 adult (46 men and 29 women; aged 44 Ϯ 1 years) patients, following the 1999 World Health Organization/International Society of Hypertension guidelines, classified as borderline to grade 1 hypertensives (systolic BP: 148 Ϯ 2 mm Hg; diastolic BP: 92 Ϯ 1 mm Hg) who were enrolled through the Hypertension Clinic, Medical School of Bari. They had physical examinations, electrocardiograms, chest x-rays, and fasting blood chemistry to exclude secondary hypertension, hepatic or renal impairments, diabetes, or other metabolic disorders. Patients with a positive history for cerebral, coronary, and peripheral vascular diseases were also excluded from the study. The study was approved by the Ethical Committee of the University of Bari Medical School and patients gave their informed consent.
Laboratory Methods
The study followed an opened design consisting of 1) 4-week placebo-controlled run-in period during which no antihypertensive or metabolic treatment was administered; 2) subjects repeated routine blood chemistry and the homeostasis model assessment IR index (HOMA) was calculated; and 3) the following day patients underwent a laboratory reactivity study.
Patients, divided in tertiles (low, medium, and high) by the IR index HOMA, presented similar gender distribution, family history of hypertension and diabetes, age, and estimated history of hypertension (Table 1) .
To avoid anxiety because of a new medical examination, patients were previously invited to visit the laboratory and become familiar with the equipment. Patients arrived in the laboratory after a 12-h fasting period. After 10 min of rest in the supine position, heart rate and BP were taken, in triplicate, in both the arms to exclude any difference and measures were averaged. Samples for routine blood chemistry were taken. In particular, fasting blood glucose (BG) (Hexokinase method for plasma glucose: Gluco-Quant Glucose/HK, Roche Diagnostic-Hitaki Instruments, Mannhein, Germany) and immunoreactive plasma insulin (IRI) concentration (Insulin CT; CIS Biointernational, ORIS, Gif-sur-Yvette, France) were measured. The HOMA IR index was calculated as fasting glucose (in milligrams per deciliter) ϫ fasting insulin (in microunits per liter)/22.5.
11 Furthermore, patients were given glucose (75 g) for oral glucose tolerance test (OGTT) and blood samples were taken for repeated measurements of plasma glucose and insulin concentrations at 0, 30, 60, 90, and 120 min. The area under the curve (AUC), as glucose and insulin total response was also calculated (time ϫ value, in milligram per deciliter and microunit per liter, respectively).
Ambulatory monitoring techniques, although very suitable for clinical purposes, do not permit to study standardized functional hemodynamic responses, but laboratory challenges can be applied in controlled states whereas multiple biologic and hemodynamic variables can be continuously monitored.
Then, the cardiovascular reactivity study was performed, between 9:00AM and 10:30 AM, after 20 min of acclimatization, in a quiet temperature-controlled room (22°C), with the patient in the supine position. We used three different stimuli: 1) the Stroop Color Task, 5 min long, based on incongruent visual input, consisted of asking the patients to name, within a time limit, which color ink the name of an incongruous color word was printed; 2) the Cold Pressor Test consisted of immersing the right hand, up to the wrist, into iced water (4°C) for 90 sec; and 3) the Handgrip Test was induced with a dynamometer with the patient performing an isometric exercise, with the right hand, for 3 min at 30% of the previously ascertained maximal strength. Each task was preceded and followed by a 10-min baseline recovery phase. Different neurovegetative and hemodynamic variables were continuously taken noninvasively and values were averaged every minute. Muscular contraction level (by electromyography [EMG] in microvolts), related to the alertness, was taken at the forehead with two surface electrodes and a third neutral electrode in between. The skin conductance level (SCL in S), index of emotional arousal, 12 was recorded using electrodes taped on the palmar surfaces of the fourth and fifth finger of the left hand. These were taken to prove the emotional efficacy of the laboratory stimuli. Systolic, mean, and diastolic BPs (in mm Hg), and heart rate (HR) (in beats per min) were obtained continuously with the Ohmeda2300 Finapres (Ohmeda Monitoring System, Englewood, CO) at the middle finger mid-phalanx of the left hand. Stroke volume (SV) (in milliliters) was continuously recorded by thoracic electrical bioimpedance with an eight-spot electrode configuration (BomedNCCOM-3 Cardiovascular Monitor, Medex Inc., Hilliard, OH). Impedance cardiography is an indirect approach to evaluate cardiac hemodynamics but it requires controlled procedures, skilled personnel, multiple measurements, and subjects without serious cardiac or thoracic structural abnormalities. Highly significant correlation was found between estimates of SV by impedance cardiography and those obtained by nuclear ventriculography and Fick method. 13 In our laboratory, we found high reliability of SV measurements (r ϭ 0.96, P Ͻ .001).
The equipment had output on a PC for on-line computation of cardiac output ( CO ϭ SV ϫ HR , in liter per minute), total vascular resistance ( TVR ϭ mean BP/CO ϫ 80 , in arbitrary unit [Ua]), pulsatile component of BP ( PP ϭ systolic BP Ϫ diastolic BP , in mm Hg), and indirect measure of arterial stiffness (PP/SV, in Ua). Because of the known decline with the age of PP augmentation from the central aorta to the peripheral arteries, PP was estimated with the use of the regression equation: PP ϭ PP brachial ϫ 0.49 ϩ age ϫ 0.30 ϩ 7.11 .
14 Cardiovascular reactivity in hypertensives is frequently characterized by prolonged responses and uncompleted recoveries. 15 Thus, the total stress reactivity, including mental and physical tasks and resting recoveries phases, was calculated as AUC reactivity area (AUCr) ϭ total area (value ϫ time) Ϫ baseline area (baseline value ϫ time) (Fig. 1) . The AUC improves the one-dimensional time-torecovery measure, because it controls for the steepness of decline in the level of physiologic parameter. 16 The cardioneurovegetative reactivity to the applied stressors, involving different physiologic mechanisms, were aggregated in the AUCr measurement to evaluate the individual possible hemodynamic responses and not a peculiar cardiovascular tropism to a specific stressor.
Data were analyzed with the SPSS statistical package (version 8.0, SPSS Inc., Chicago, IL). Post-hoc analysis by Student-Newman-Keuls test was used to compare groups. A two-tailed P value Ͻ .05 was considered statistically significant. To analyze the association of IR with office values and cardiovascular reactivity changes, Pearson correlation coefficient and stepwise multiple regression analyses were applied. Values are shown as mean Ϯ SEM.
Results
Two patients had to take the OGTT again because of laboratory complications and the test was repeated the following day. No patients needed to interrupt the cardiovascular reactivity study.
The body mass index was higher in IR-medium and IR-high patients. Triglycerides and total cholesterol did not differ. Confirming the IR state, BG was slightly higher in IR-high and fasting IRI was significantly higher in less insulin-sensitive patients. In addition, the insulin response (IRIauc), to a similar glucose load (BGauc) during stan- dard (OGTT), was significantly higher in patients with IR-medium and IR-high (Table 1) .
Patients presented similar systolic BP, diastolic BP, PP, and HR office values (Table 2A) . The baseline stress test values are reported in Table 2B . The analysis of extracardiovascular (EMG, SCL) variables demonstrated a similar emotional basal arousal in patients with different insulin sensitivity. At baseline systolic BP and PP tended to be lower in patients with a higher IR, whereas diastolic BP was similar. No significant difference in HR, SV, CO, TVR, or PP/SV values occurred between groups during the baseline phase.
The extracardiovascular and the hemodynamic stress responses are reported in Table 3 . During stress, the extracardiovascular variables (EMG, SCL) demonstrated a similar emotional arousal. In comparison, significant hemodynamic total reactivity occurred during provocative tests. Systolic BP-AUCr and PP-AUCr were higher in patients with higher IR. On the contrary, diastolic BPAUCr was similar but HR-AUCr tended to be lower in more IR patients. SV-AUCr and, partially, CO-AUCr were higher in patients with increased IR. TVR-AUCr and PP/SV-AUCr did not differ between groups.
Pearson partial correlations were computed to highlight the association between the IR state and hemodynamic variables. Because the distribution of the IR index was skewed, a log transformation was adopted to yield a normal distribution of values. Office values were adjusted for possible interfering factors such as age, body mass index, estimated history of hypertension, blood glucose, triglyceride and cholesterol levels. The baseline values were also introduced in the equation for cardiovascular reactivity parameters. No significant correlation between the office values and the IR index (systolic BP: r ϭ 0.061, P ϭ not significant; diastolic BP: r ϭ 0.088, P ϭ not significant; PP: r ϭ 0.003, P ϭ not significant; HR: r ϭ 0.021, P ϭ not significant) occurred. On the contrary, significant correlation occurred when the hemodynamic reactivity was analyzed. Systolic BP-AUCr (r ϭ 0.541, P Ͻ .001) and PP-AUCr (r ϭ 0.686, P Ͻ .001) demonstrated the highest significant correlations with the IR index, whereas diastolic BP-AUCr (r ϭ 0.101, P ϭ not significant) did not (Fig. 2) . The SV-AUCr (r ϭ 0.384, P Ͻ .001), but not the HR-AUCr (r ϭ Ϫ0.098, P ϭ not significant) and the TVR-AUCr (r ϭ Ϫ0.085, P ϭ not significant), as BP determinants, showed a significant correlation with IR (Fig. 3) . The SV-AUCr and PP-AUCr showed a correlation coefficient equal to 0.395 (P Ͻ .001). The PP/SVAUCr did not demonstrate a significant correlation with the IR (r ϭ Ϫ0.031, P ϭ not significant) (Fig. 3) .
The stepwise multiple regression analysis with the HOMA index, as a dependent variable, and the hemodynamic measures, as independent variables, demonstrated no significant regression with office values. The analysis of BP reactivity showed that only PP response entered into the equation (␤: 0.634, P Ͻ .001) but not systolic BPAUCr (␤: Ϫ0.076, P ϭ not significant) and diastolic BP-AUCr (␤: Ϫ0.041, P ϭ not significant). Among the hemodynamic BP determinants and the stiffness index, SV (␤: 0.401, P Ͻ .001) only, but not TVR (␤: Ϫ0.117, P ϭ not significant), HR (␤: 0.186, P ϭ not significant), and PP/SV (␤: Ϫ0.004, P ϭ not significant), presented the same properties.
Altogether, the findings suggest that reduced insulin sensitivity is associated with exaggerated reactivity of the pulsatile component of BP, sustained by an increased SV response. This occurs in the absence of a manifested vasoconstrictive response and reduced total arterial compliance in patients with similar office BP values.
Discussion
Our findings demonstrated that functional hemodynamic responses, but not office values and steady state measures, are associated with IR in patients with mild hypertension. Furthermore, we previously demonstrated that hyperinsulinemia is not associated with either significant circadian differences in BP and HR values. 17 Nevertheless, impaired insulin sensitivity is associated with BP levels in hypertensives and normotensives, as well as in weight-matched hypertensives. This suggests that this metabolism disorder might be related to specific BP determinants. 18 In fact, resistance to the insulin activity to decrease the wave reflection in large arteries has been proposed as the hemo-
FIG. 2.
Correlations between the homeostasis model assessment insulin resistance index (HOMA) (log) and systolic (SBP), diastolic (DBP), and pulsatile component (PP) BP total reactivity (AUCr). ***P Ͻ .001. Abbreviation as in Fig. 1.   FIG. 3 . Correlations between the HOMA log and the hemodynamic BP determinants HR (heart rate), SV (stroke volume), TVR (total vascular resistance), and arterial stiffness index (PP/SV) total reactivity (AUCr). ***P Ͻ .001. Other abbreviations as in Figs. 1 and 2. dynamic mechanism linking hypertension to reduced insulin sensitivity and arterial stiffness, 19 whereas the hemodynamic forces, associated with exaggerated cardiovascular reactivity, might cause or worsen the endothelial injury and the vascular damage. 20 Moreover, exaggerated response of PP during mental stress showed a significant correlation with carotid atherosclerosis in humans. Statistical adjustments for possible confounders, including resting PP, did not alter the result. 7 Cardiovascular reactivity has been defined as the portion of the interindividual variability of a cardiovascular parameter seen during periods of behavioral stimulation that cannot be predicted from a knowledge of the variability that exists in the same parameter and among the same individuals in absence of such stimulation. 21 The physiologic relevance of reactivity testing is supported by the observation that density of ␤ 2 -adrenoreceptors on lymphocytes covaries with HR and systolic BP responses to mental stress. 22 Occasional reports that reactivity tests are not reproducible 23 originated from inadequacies in the measurement. With the standardization of the stimuli and proper psychometric methodology combined with the use of multiple hemodynamic parameters, assessment of reactivity is highly reliable and can be used to predict and diagnose cardiovascular diseases. 7, 24 In particular, an aggregate measurement of the functional response (AUC) was used to assess reactivity from baseline and to control the acceleration, the amount, and the duration of the individual stress response. Although the response may be influenced by the initial values, the problem may be resolved by considering the recovery phase as part of the same task protocol and by calculating a single AUC that covers the entire time span, from baseline to the last measurement. 16 This method has been also applied to investigate the changes in hemodynamic reactivity induced by antihypertensive and hypocholesterolemic treatment. 25 Moreover, we adopted extracardiovascular variables to verify differences in emotional arousal during the laboratory tasks.
In our study, patients demonstrated similar emotional stress arousal and baseline hemodynamic patterns, except for systolic BP and PP values, which were lower in patients with higher IR. This suggests that cardiovascular overreactivity may be associated with IR, since the very early phases of hypertension, before the onset of high BP values. In fact, patients with reduced insulin sensitivity had a significantly higher proportional response of PP and systolic BP during stress. The PP reactivity demonstrated a higher correlation and remained significantly associated to IR when systolic BP response was also introduced into the equation. The PP overreactivity is suggestive of an abnormality in the vascular response to neurogenic stimuli. 19 In preclinical phases, hypertensives, characterized by an increased PP, presented augmented hemodynamic indices of vascular damage, such as elevated postischemic forearm vascular resistance and reduced muscular blood flow and, on the microcirculatory site, reduced functional cutaneous flow and tissue oxygenation. 6 Interestingly, an impairment of peripheral blood flow has been proposed as hemodynamic cause of reduced insulin sensitivity. 9, 10 The TVR and PP/SV, in resting condition as well as during stress, did not differ between patients and the vascular response demonstrated an inverse association with IR in the multiple regression analyses. The findings suggest that the PP neurogenic response might be associated with IR independently by a vasoconstrictive response and reduced arterial compliance.
A link between IR and hemodynamic pattern is also demonstrated because the hyperdynamic circulatory state, including high PP, was found to predict cardiovascular risk and IR in adolescents and adult subjects. 26 Such hemodynamic pattern seems to sustain the BP increase and precede the onset of vascular damage. 7 This condition may be secondary to a sympathetic overdrive emanating from the central nervous system. 27 Interestingly, increased levels of norepinephrine were found to precede hyperinsulinemia and BP elevation during a 10-year follow-up period. 28 The pulsatile component of BP reflects the interaction of SV and arterial compliance. Therefore, increased SV may be responsible for an increase of SBP with no change in diastolic BP. The fact that TVR and PP/SV baseline and reactivity did not differ in insulin sensitive and IR patients suggests that these subjects might not present an established endothelial. Moreover, it has been suggested that structure and function of arteries, associated with high plasma insulin levels, 29 is affected by the sympathetic nervous overdrive that may sustain the hemodynamic stress responses. On the other hand, Moan et al 30 demonstrated that in young normotensives IR is characterized by a hyperadrenergic reactivity, including BP, independently from the baseline hemodynamic state. Consistently, in our study, only an increased reactivity of the pulsatile component of BP, but not baseline BP values, associated with an enhanced SV response, characterized the IR mild hypertensives.
Whereas the results highlight the association of PP reactivity to IR, they do not exclude the importance of other neuroadrenergic and metabolic variables that might facilitate the impairment of insulin sensitivity.
9,10 Our findings suggest that exaggerated stress-induced PP, sustained by enhanced SV reactivity, might hemodynamically contribute, through the impairment of the endothelial properties, to the onset of IR. Hemodynamically, a stressful stimulus elicits an increase in CO, due to the product of SV by HR, and BP, mainly systolic BP, to prepare the organism for a physically efficient response. Increased functional hemodynamic demands eventually concur with the onset of morphologic changes to support an efficient function. Thus, repeated bouts of sympathetic overactivity may lead, also through hemodynamic alterations, to an endothelial damage that may reinforce both IR and hypertension.
We are aware that in our study IR as well as neuro-sympathetic activity were not evaluated by sophisticated techniques, such as euglycemic clamp 30 and microneurography, but more simple and indirect methods have been used. On the other hand, the use of aggregate measurements of hemodynamic and extracardiovascular stress response, such as the AUC, showed that the reactivity study may be properly used to study the functional cardiovascular changes in hypertensives. Further studies involving a larger number of patients, measurements of vascular damage, and perspective analyses are planned.
In conclusion, our findings are in accord with the theory that IR might be associated with sympathetic overreactivity inducing hemodynamic functional changes and, therefore, structural vascular abnormalities. These results might also be important in clinical practice. In fact, they highlight that an increased reactivity of the pulsatile component of BP per se should be considered, at the first stages of hypertension, a further hallmark of risk, not only for cardiovascular damage, but also for metabolic disorders such as IR.
